1
Basic Principles

1.1
Atomic structure

The basic processes in optical atomic spectrometry involve the outer electrons of
the atomic species and therefore its possibilities and limitations can be well under-
stood from the theory of atomic structure itself. On the other hand, the availability
of optical spectra was decisive in the development of the theory of atomic structure
and even for the discovery of a series of elements. With the study of the relation-
ship between the wavelengths of the chemical elements in the mid-19th century a
foundation was obtained for the relationship between the atomic structure and the
optical line emission spectra of the elements.

In 1885 Balmer published that for a series of atomic lines of hydrogen a relation-
ship between the wavelengths could be found and described as:

J=k-n?/(n* —4) (1)

where n = 2,3,4,... for the lines H,, Hg, H, etc.
Eq. (1) can also be written in wavenumbers as:

v =1/ =R(1/2* —1/n?) (2)
where v/ is the wavenumber (in cm™!) and R is the Rydberg constant (109 677
cm™!). The wavenumbers of all so-called series in the spectrum of hydrogen are
given by:

v =1/4=R(1/n} — 1/n3) 3)
where n, is a series of numbers > n; and with n; =1,2,3,4,... for the Lyman,

Balmer, Paschen, and Pfund series, respectively.
Rydberg applied the formula of Balmer as:

v =R-Z*(1/n? —n?) (4)
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1.1 Atomic structure

where Z is the effective charge of the atomic nucleus. This formula then also al-
lows calculation of the wavelengths for other elements. The wavenumbers of the
atomic spectral lines can thus be calculated from the difference between two posi-
tive numbers, called terms, and the spectrum of an element accordingly contains a
large number of spectral lines each of which is related by two spectral terms.

The significance of the spectral terms had already been reflected by Bohr’s
theory, where it is stated that the atom has a number of discrete energy levels re-
lated to the orbits of the electrons. These energy levels are the spectral terms. As
long as an electron is in a defined orbit no electromagnetic energy is emitted but
when a change in orbit occurs, another energy level is reached and the excess en-
ergy is emitted in the form of electromagnetic radiation. The wavelength is given
according to Planck’s law as:

E=h-v=h-c/) (5)

Here h = 6.623 x 107% erg s, v is the frequency in s7!, ¢ = 3 x 10'° cm/s is the
velocity of light, and 1 is the wavelength in cm.
Accordingly:

v =1/i=E/h-c=E/(h-¢)— E/(h-c)
=T -T, (6)

T and T, are the Bohr energy levels and the complexity of the emission spectra
can be related to the complexity of the structure of the atomic energy levels.

For an atom with a nucleus charge Z and one valence electron, the energy of this
electron is given by:

2-n-Z%2- ¢t

E= T (7)

u=m-M/(m+ M), with m being the mass of the electron and M the mass of the
nucleus; n is the main quantum number (n=1,2,3,...) and gives the order of

the energy levels. Through the movement around the atomic nucleus, the electron
has an orbital impulse moment L of which the absolute value is quantitized as:

L] = h/@Q2m) /(1 +1) (8)
lis the orbital quantum number and has values of: 0,1,...,(n —1).
The elliptical orbits can take on different orientations with respect to an external

electric or magnetic field and the projections on the direction of the field also are
quantized and given by:

L, = h/Q2n)m (9)
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L, is the component of the orbital momentum along the field axis for a certain an-
gle, mj = +1,+(1 — 1),...,0 is the magnetic quantum number and for each value
of I it may have (21 + 1) values.

When a spectral line source is brought into a magnetic field, the spectral lines
start to display hyperfine structures, which is known as the Zeeman effect. In
order to explain these hyperfine structures it is accepted that the electron rotates
around its axis and has a spin momentum S for which:

IS = h/(27)/S(S + 1) (10)

The spin quantum number m determines the angles possible between the axis of
rotation and the external field as:

s, = h/(27)ms (11)

where mg = +5.
The orbital impulse momentum and the spin momentum are vectors and deter-
mine the total impulse momentum of the electron J as:

J=L+S with |J| = h/Q22)\/j( + 1) (12)

j =14 sand is the total quantum number.

In the case of an external magnetic or electrical field, the total impulse momen-
tum also has a component along the field, whose projections on the field are quan-
tized and given by:

Jo=h/(2n) x mj withm; = +j,+(j—1),...,0 (13)

This corresponds with a possible 2j + 1 orientations.
The atomic terms differ by their electron energies and can be characterized by
the quantum numbers using the so-called term symbols:

n™l; (14)

Here ! =0,1,2,... and the corresponding terms are given the symbols s (sharp), p
(principal), d (diffuse), f (fundamental), etc., originally relating to the nature of dif-
ferent types of spectral lines: n is the main quantum number, m is the multiplicity
(m=2s+ 1), and j is the total internal quantum number. The energy levels of
each element can be given in a term scheme. In such a term scheme, also indi-
cated are which transitions between energy levels are allowed and which ones are
forbidden. This is reflected by the selection rules. According to these, only those
transitions are allowed for which An has an integer value and at the same time
Al =41, Aj=0or +1 and As = 0. The terms of an atom with one valence electron
can easily be found, e.g., for Na (1s2s%2p®3s?), in the ground level: 32S; ), [l =0
(s)ym=21/2+1=2ass=1/2and j=1/2 (j= |l + s|)]. When the 3s electron



1.1 Atomic structure

Fig. 1. Atomic energy level diagram for the ! s 7p 1 iy 1p ¢
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goes to the 3p level, the term symbol for the excited level is: 3P, 12,32 [1=1(p),
m=21/24+1=2ass=1/2and j=1/2,3/2]. The terms have a multiplicity of
2 and accordingly the lines have a doublet structure.

The term schemes of the elements are well documented in the work of Grotrian
[3]. For the case of the Na atom the term scheme is represented in Fig. 1.

When atoms have more than one valence electron, the term schemes become
more complex as a coupling between the impulse and orbital momenta of the in-
dividual electrons occurs. According to Russell and Saunders (L — S) a coupling
applies, where the orbital moments of all electrons have to be coupled to a total or-
bital momentum, as with the spin momentum. This coupling applies for elements
with Z below 20, where it is accepted that the spin—orbital interactions are much
lower than the spin—spin and the orbital-orbital interactions. The fact that none of
the electrons in an atom can have the same set of quantum numbers is known
as the Pauli rule. The total quantum number L is obtained as L = %I, S = Xs and
J=L-S,...,L+ S. The term symbol accordingly becomes:

"L (15)

For the case of magnesium (1s22s22p®3s2), the ground level is 3'S, (as there are
two 3s electrons which must have antiparallel spins L=0as [y =0 and [, =0,
S=0ass;=1/2ands; = —1/2,and | = 0 as both L and S = 0). The excited level
(1s22s22p®3s3p) is characterized by the terms: 3'P; (L=1asl; =0and , =1,
S=0ass; =1/2 and s, = —1/2, and J=|L + 1| = 1) but also 3°P,, 3°P; and
33P (as for the spins s; = 1/2 and 5, = 1/2, S = 1, and further | = 0, 1,2 parallel).
Here, singlet (m = 1) and triplet (m = 3) terms are present in the term scheme.
Also a jj coupling is possible, when the interaction between spin and orbital mo-
mentum of the individual electrons is decisive.
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With a number of electrons the coupling becomes more complex and leads to a
high number of terms and accordingly line-rich atomic spectra. Moreover, not only
neutral atoms but also ions with different levels of ionization have term schemes,
making the optical spectra very line rich. Indeed, for 90 elements between 200 and
400 nm more than 200000 atomic lines have been listed, and many others are
missing from the tables.

From Planck’s law, as given by Eq. (5), the relationship between the optical
atomic spectra of the elements and energy level transitions of the valence electrons
can be understood. Indeed, the wavelength corresponding to a transition over an
energy difference of 1 eV according to Planck’s law corresponds to a wavelength
off 1eV=16x10""2erg=6.62x 107 ergs x 3 x 101 cm/s x 1/A (cm) or
1240 nm. Accordingly, the optical wavelength range of 200-800 nm corresponds
to energies of 2-7 eV, this being the range involved in transitions of the valence
electrons.

1.2
Plasmas

Partially ionized gases are usually denoted as plasmas [4]. They contain molecules,
radicals, and atoms but also ions and free electrons and result from the coupling of
energy with matter in the gaseous state. As has been previously stated for atoms,
the radicals, molecules, and ions also present in the plasma can be in their ground
states or in excited states and radiation can be emitted or absorbed when transi-
tions from one state to another occur. The wavelength of the radiation can be ob-
tained from Planck’s law whereas the intensities of the discrete lines depend on
the number densities of the species and the states involved.

Transfer of energy for the different species in a plasma results from the non-
radiative as well as from the radiative processes taking place. Non-radiative pro-
cesses involve collisions and radiative processes involve emission, absorption, and
fluorescence of radiation. The efficiency of collision processes is described by the
cross section a(v). This reflects the loss in impulse that a particle with mass m
and velocity v undergoes when it collides with a particle with mass M. It can be
given by:

o(v) =2n r p(v,0)(1 — cos 0) sin 6dO (16)

This expression shows that apart from loss of momentum a change in direction
may also result from collisions. The mean collision cross section is denoted as:
{a(v)). A collision frequency is described as <{o(v) - v) and a mean collision fre-
quency as {a(v) - v)/{v).

Apart from the cross section, however, the velocity distribution for a given spe-
cies is important for describing the energy transfer in a plasma.
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In the case of a Maxwell distribution the velocity distribution is given by:

dn/n=2/(/7) - Vu' e . du/ (17)
In the case of a so-called Druyvenstein distribution:

dn/n =1.039 - Vu’ - exp(—0.548 - u'?) du’ (18)

u' = E/kT, where E is the mean energy of the particles and T is the absolute tem-
perature.

For a plasma contained in a closed system and which is in so-called thermal
equilibrium, the population of the excited levels for every type of particle is given
by Boltzmann’s law:

ng/no = g4/go - exp(—Eq/kT) (19)

ng is the number density of particles in the excited state, ny is the number density
of particles in the ground state, g, and go are the statistical weights of the corre-
sponding levels, E, is the excitation energy of the state g, k is Boltzmann’s constant
(1.38 x 1071¢ erg K), and T is the absolute temperature. In Eq. (19) a relationship
is formulated between the temperature and the atom number densities in a single
excited state and in the ground state, respectively. As the latter is not constant, the
Boltzmann equation can be better formulated as a function of the total number of
particles » distributed over all states. Then

ng/n= (8 exp(—Ey/kT))/[Znim - exp(—Eun /kT)] (20)

as n = Xyhm. The sum Zp, = Zyngm - exp(—En/kT) is the partition function. This
is a function of the temperature and the coefficients of this function for a large
number of neutral and ionized species are listed in the literature (see, e.g., Ref.
[5]). When Ej is expressed in eV, Eq. (20) can be written as:

log 145 = log 1, +log ny — (5040)/T - V; —log Z (21)

13
Emission and absorption of radiation

In a steady-state plasma the number of particles leaving an energy level per unit of
time equals the number returning to this level [6]. In order to characterize such
an equilibrium, all processes which can lead to excitation as well as to de-excitation
have to be considered. The most important energy exchange processes in a plasma
are as follows.

9



10

1 Basic Principles

+ (1a) Collisions in which atoms are excited to a higher level by collision with ener-
getic neutrals (collisions of the first kind).

+ (1b) Collisions in which excited neutrals lose energy without emission of radia-
tion (collisions of the second kind).

+ (2a) Excitation by collision with electrons.

* (2b) De-excitation where energy is transferred to electrons.

* (3a) Excitation of atoms by the absorption of radiation.

* (3b) De-excitation of atoms by spontaneous or stimulated emission.

When n is the number density of the first type of particles and N is that of a
second species that is present in excess (n « N), the following equilibria can be
considered:

a-N-np=p-N-ng (22)
ae'ne'”():ﬂe'ne'nq (23)
B'-p,-ng=(A+B-p,) ng (24)

ne is the electron number density, A, B, and B’ are the Einstein transition probabil-
ities for spontaneous emission, stimulated emission and absorption and o, o, f,
and f are functions of the cross sections for the respective processes as well as of
the velocity distribution of the particles involved. p, is the radiation density (fre-
quency v).

When the system is in so-called thermodynamic equilibrium, the neutrals and
the electrons have the same Maxwell velocity distribution and at a temperature T
we have:

ng/no = o/ = ae/p. = B'/(A/p, + B) = gg/g0 - exp(—Eq/kT) (25)

Thus, each process is in equilibrium with the inverse process and the Boltzmann
distribution of each state is maintained by collisions of the first and the second
kind, including those with electrons, and there are no losses of energy through
the emission of radiation or any absorption of radiation from an external source.

In a real radiation source this perfect equilibrium cannot exist and there are
losses of energy as a result of the emission and absorption of radiation, which
also have to be considered. However, as long as both only slightly affect the energy
balance, the system is in so-called local thermal equilibrium and:

o N-ng+ae ne-nog+ B -p,-ng

:ﬁ'N'nq+ﬂe'ne'nq+(A+B'pv)'n'q (26)
from which n4/ny can be calculated as:

ng/no= (o N+oe-ne+B"-p)/[f-N+fe-ne+(A+B-p,) (27)
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The population of the excited states is determined by the excitation processes in
the radiation source, as reflected by the coefficients in Eq. (26).

In the case of a DC arc for instance «- N > o -n. + B’ - p,and - N> B, - ne +
(A4 B-p,). This leads to:

ng/no = /B = gq/go - exp(—Ey/kT) (28)

As the radiation density is low, it can be accepted that the DC arc plasma is in
thermal equilibrium. The excited states are produced predominantly and decay
through collisions with neutrals.

The simplification which leads to Eq. (28) does not apply to discharges under re-
duced pressure, where collisions with electrons are very important as are the radi-
ation processes. Moreover, the velocity distributions are described by the Druyven-
stein equation. These sources are not in thermal equilibrium.

Excited states are prone to decay because of their high energy and therefore
mainly have short lifetimes. The decay can occur by collisions with surrounding
particles (molecules, atoms, electrons or ions) or by emission of electromagnetic
radiation. In the latter case, the wavelength is given by Planck’s law. When the
levels q and p are involved, the number of spontaneous transitions per unit of
time is given by:

—dN,/dt = Ay - N, (29)

where A, is the Einstein coefficient for spontaneous emission (in s™!). When con-
sidering an optically thin system with atoms in the excited state g, which decay
spontaneously to a level p under the emission of radiation, the number of transi-
tions per unit time at each moment is proportional to the number of atoms in the
state g. When several transitions can start from level q (9 — p1,9— p2,. ..,
q — pn) Eq. (29) becomes:

—dN,/dt = Ny - £,A5 = Ny - vy (30)

Here, v, is the inverse value of the mean lifetime of the excited state g. For levels
from which a decay by an allowed radiative transition can take place, the lifetime is
of the order of 10% s. When no radiative transitions are allowed we have metasta-
ble levels (e.g. Ar 11.5 and 11.7 V), which can only decay through collisions.
Therefore, such levels in the case of low-pressure discharges may have very long
lifetimes (up to 107! s).

In the case of the absorption of electromagnetic radiation with a frequency v,
and a radiation density p,, the number density of N increases as:

dN,/dt = By, - Ny - v, (31)

For the case of stimulated emission, atoms in the excited state g only decay when
they receive radiation of the wavelength 14, and

1
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—dNgdt = By, - Ny - p, (32)

For the case of thermal equilibrium:

8¢ By =8 By (33)
and:
A= (8nhv*/c*) x By, = (8nhv*/c) x (gq/8) X By (34)

where g, and g, are the degeneratives of the respective levels with g = 2] + 1.
The intensity (Ip,) of an emitted spectral line is proportional to the number den-
sity of atoms in the state g:

Igp = Agp - ag - h - vgp (35)
or after substitution of n,q, or n, for atomic species, according to Eq. (20):
Ip=Ag-h-vgp-na-(gg/Za) - exp(—Ey/kT) (36)

When multiplying with d/(4n), where d is the depth of the source (in cm), one ob-
tains the absolute intensity. T is the excitation temperature, which can be deter-
mined from the intensity ratio for two lines (a and b) of the same ionization stage
of an element as:

T = [5040(Va — V1)]/{log[(gA),/(gA),] — log(2a/4b) —log(la/I)} (37)

In order to determine the excitation temperature with a high precision, the ther-
mometric species should have a high degree of ionization, otherwise the tempera-
ture or the geometry of the discharge will change when the substance is brought
into the source. Furthermore, the difference between V, and V;, must be large. In-
deed, the error of the determination can be obtained by differentiating Eq. (37):

dT/T = T/[5040(V, — V)] x 0.434 x dI/I (38)

(gA),/(gA), must be large when (V, — V) is large and I,/I;, should not be partic-
ularly small or large. In addition, the transition probabilities must be accurately
known. Indeed, the error of the determination of the temperature strongly depends
on the accuracy of (gA),/(gA),, as by differentiating Eq. (37) with respect to
log[(gA),/(gA),) one obtains:

dT = T%/[5040(V, — )] x d[(gA),/(gA),] (39)

Often the line pair Zn 307.206/Zn 307.59 is used, for which: V, = 8.08 eV and
W, =4.01 eVand (gA),/(gA), = 380 and:

T = 20510/[2.58 + 10g[I307.6 nm/ 13072 nm)] (40)
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This line pair is very suitable because the ionization of zinc is low as a result of its
relatively high ionization energy, the wavelengths are close to each other, which
minimizes errors introduced by changes in the spectral response of the detector,
and the ratio of the gA values is well known.

The excitation temperature can also be determined from the slope of the plot
In[Igp/(gq - Agp - vap)] O In[Igy, - 1/(gAgp)] versus E,, which is —1/k- T as:

In(I/(gq - Agp - vgp) =In(h-n/Z) — E;/(k-T) (41)

The /g A values for a large number of elements (such as argon, helium, iron) and
their lines have been compiled [6]. The determination of excitation temperatures in
spatially inhomogeneous plasmas has been treated extensively by Boumans [7] and
is described later (see Ref. [8]).

+ Example

For the case of a 2 kW inductively coupled plasma the four iron lines Fe I 381.58
nm, Fe I 383.04 nm, Fe I 382.44 nm, and Fe I 382.58 nm have relative intensities
of 5, 10, 2.3, and 7.4 a.u., respectively. When using the transition probability prod-
ucts gA of 66, 36, 1.26, and 26 (see Ref. [9]) as well as the excitation energies of
38175, 33096, 26140, and 33507 cm™!, respectively, it can be calculated that the ex-
citation temperature should be 5000 K.

Limitations to the spectroscopic measurement of the temperatures from line
intensities lie in possible deviations from ideal thermodynamic behavior in real
radiation sources, and also in the poor accuracy of transition probabilities. They
can be calculated from quantum mechanics, and have been determined and com-
piled by Corliss and Bozman at NIST [10] from measurements using a copper DC
arc. These tables contain line energy levels, transition probabilities, and the so-
called oscillator strengths for ca. 25000 lines between 200 and 900 nm for 112
spectra of 70 elements. Between the oscillator strengths f;, (being 0.01-0.1 for
non-resonance and nearer to 1 for resonance lines) and the transition probabilities
there is the relationship [11]:

i = (8a/8p) X Agp x [(m-c*)/(8 -7 - €*-+?)] (42)
and
S = 1499 x 10716 x 2% x g, /g, X Agy (43)

As g is known to be 2] + 1, oscillator strengths can be converted into transition
probabilities and vice versa.

According to the classical dispersion theory, the relationship between the absorp-
tion and the number density of the absorbing atoms is given by:

JKV “dv = (ne?)/mc N, - (44)
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K, is the absorption coefficient at a frequency v, m is the mass and e the charge of
the electron, c is the velocity of light, N, is the density of atoms with a line at a fre-
quency between v and v + dv and is almost equal to N; f is the oscillator strength.
This relationship applies purely to monochromatic radiation. As the widths of the
absorption lines in most atom reservoirs are of the order 1-5 pm, the use of a pri-
mary source which emits very narrow lines would be advantageous. Indeed, when
using a continuous source one would need a spectral apparatus with a practical re-
solving power of at least 500000 to reach the theoretically achievable values of K,
and this certainly would lead to detector noise limitations as a result of the low ir-
radiances. Therefore, it is more advantageous to use sources which emit relatively
few narrow lines and to use a low-resolution monochromator which just isolates
the spectral lines in the spectra.

The relationship between the absorption A and the concentration of the absorb-
ing atoms in an atom reservoir is given by the Lambert—Beer law. When I, is the
intensity of the incident radiation, I is the length of the atom reservoir, and I is the
intensity of the exiting radiation, the change in intensity dI resulting from the ab-
sorption within the absorption path length dl is given by:

—dl=k-Iy-c-dI (45)

or

!

I(dl)/l:: k-c-| dl (46)
| |

Iy 0

A =log(Iy/I) =1og(1/T), in which A is the absorbance and T the transmission.
Accordingly, Eq. (46) becomes:

A=k-c-1 (47)

The absorbances are additive. The Lambert—Beer law, however, is only valid within
a restricted concentration range. This is due to the fact that not all radiation reach-
ing the detector has been absorbed to the same extent by the analyte atoms. Nor-
mally the calibration curve at high concentrations levels off asymptotically to the
signal for the non-absorbed radiation. The latter consists of contributions from
non-absorbed lines of the cathode material in the hollow cathode lamp or of lines
of the filler gas within the spectral bandwidth of the monochromator. The calibra-
tion curve is only linear in the concentration range where the ratio of the widths of
the emission to the absorption line is <1/5. Also, incomplete dissociation of ana-
lyte molecules leads to a curvature towards the concentration axis, and this incom-
plete dissociation then becomes limiting at high concentrations. A decrease in the
ionization at higher analyte concentrations, however, may cause curvature away
from the concentration axis. For all these reasons, in atomic absorption spectro-
metric measurements, deviations from linearity are common and the linear dy-
namic range is much smaller than in atomic emission or atomic fluorescence.
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Line broadening

Atomic spectral lines have a physical width as a result of several broadening mech-
anisms [12].

The natural width of a spectral line is due to the finite lifetime of an excited state
(7). The corresponding halfwidth in terms of the frequency is given by:

Avy =1/(277) (48)

For lines corresponding to transitions that are allowed according to the selection
rules, lifetimes are of the order of 107# s and, accordingly, for most spectral lines
this results in a natural broadening with a halfwidth of the order of 1072 pm.

The Doppler spectral width results from the movement of the emitting atoms
and their velocity component in the viewing direction. The respective halfwidth is
given by:

Avp =1[2-v/(n2)/c]-vo-/[(2-R-T)/M] (49)

where c is the velocity of light, vy is the frequency of the line maximum, R is the
gas constant, and M is the atomic mass. The Doppler broadening thus strongly
depends on the temperature. Accordingly, it is also often denoted as temperature
broadening and reflects the kinetic energy of the radiating species (atoms, ions or
molecules). The relevant temperature is denoted as the gas temperature or Doppler
temperature. The measurement of the Doppler broadening thus allows the deter-
mination of the gas temperatures in spectroscopic sources (see line profiles in
Fig. 2). For the light elements, the Doppler broadening is larger than it is for ana-
Iytical lines with shorter wavelengths. For the Ca 422.6 nm line in the case of a hol-
low cathode discharge at a few mbar pressure, the Doppler broadening at 300 K for
instance is 0.8 pm whereas at 2000 K it is 2 pm [13].

The Lorentzian broadening or pressure broadening results from the interaction
between the emitting atoms of the element considered and atoms of other ele-
ments. The halfwidth is given by:

Avp = (2/n) -6t -N\[2-n-R-T-(1/M; +1/M;)] (50)

M; and M, are the atomic masses, N is the concentration of the foreign atoms, and
oy is their cross section. The pressure broadening is low in the case of discharges
under reduced pressure. For the case of the Ca 422.6 nm line this type of broaden-
ing at a temperature of 300 K and a pressure of 9 mbar is only 0.02 pm. At atmo-
spheric pressure, however, this type of line broadening is the predominant one.

Furthermore, isotopic structure and hyperfine structure, and also resonance
broadening, resulting from the interaction between radiating and non-radiating
atoms of the same species, and Stark broadening, resulting from interaction with
electrical fields, contribute to the physical widths of the spectral lines.

15
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The natural broadening and the Lorentzian broadening have a Lorentzian distri-
bution, which is given by:

1(v) = Io/{1 + [2(v — o) /M)*} (51)
The Doppler broadening has a Gaussian distribution, described by:
I(v) =1Io-exp — {[2(v — v)/2Avp] - 1/(In 2)} (52)

The combination of both types of profile functions (which is normally due to the
predominance of both pressure and temperature broadening) results in a so-called
Voigt profile, which can be described by:

+00

V(o 0) = fx/ﬂj {lexp(=y* - dy)]/[o* + (@ = y)]*} (53)

— o0

o=2(v—y9)/Avp-+/(In2) and o=Avy-+/(In2)

when the contribution of the natural width is neglected. From the physical line
widths of the spectral lines, which in most cases are between 1 and 20 pm, and
the information on the profile functions discussed above, the contributions of the
different processes can be calculated by deconvolution methods. However, the ex-
perimentally measured full-widths at half maximum (FWHM) must be corrected
for the bandwidth of the spectral apparatus used. In the determination of absorp-
tion profiles with the aid of very narrow bandwidth tunable laser sources, the spec-
tral bandwidth of the probing beam can often be neglected. Equation (53), for ex-
ample, can be solved by a mathematical progression as:

V(a, ) = a/[constant x (o + w?)]{1 + [3(2? — w?)/2(«? + w?)?]

+ [B(o* + 10022 + 50*) /4(a® + w?)*] + - -} (54)

From this solution o and w and accordingly Av; and Avp can be determined, and
from the latter the gas kinetic temperature. This is a measure of the kinetic energy
of atoms and ions in the plasma.

Owing to the line broadening mechanisms, the physical widths of spectral lines
in most radiation sources used in optical atomic spectrometry are between 1 and
20 pm. This applies both for atomic emission and atomic absorption line profiles.
In reality, the spectral bandwidth of dispersive spectrometers is much larger than
the physical widths of the atomic spectral lines.

The profiles of spectral lines as are obtained in plasma sources at atmospheric
pressure are illustrated by the high-resolution records of a number of rare earth
spectral lines obtained in the case of an inductively coupled plasma source (ICP)
(Fig. 2) [14].
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Fig. 2. Line profiles of some rare earth theoretical resolving power: 460 000. (1): Ho Il
element atomic emission lines in inductively 345.6 nm, (2): Er 11 369.2 nm, (3): Yb Il 369.4
coupled plasma atomic emission spectrometry nm, (4): Y 11 371.0 nm, (5): Tm 11 376.1 nm,
(photographic measurements obtained with a  (6): Eu Il 381.9 nm, and (7): La Il 398.8 nm.
high-resolution grating spectrograph): (Reprinted with permission from Ref. [14].)

Self-absorption

The radiation emitted in a radiation source is absorbed by ground-state atoms of
the same species. This phenomenon is known as self-absorption (for an explana-
tion, see e.g., Ref. [15]). As the chance that an absorbed photon is re-emitted is
<1, this causes the observed radiation to be weaker than the emitted radiation.
When I is the intensity emitted at the wavelength of the line maximum and
Pg(v) is the profile function, the intensity distribution for a line emitted by a radi-
ation source over the profile of a line equals Iy - Pg(v) and the intensity observed
after the radiation has passed through a layer with a number density of absorbing
atoms of ny is:

I(v) = Io - Pe(v) - exp[—p - Pa(v)/Pa(vo)] (55)

vo is the frequency at the line center, Pa(v) is the absorption profile function,
Pa(vo) is its value at the line center, and p is an absorption parameter:

P~ B-Pa(v)-na (56)

p increases with the absorption transition probability and thus is larger for
resonance lines which stem from transitions ending at the ground level. It is
also larger in sources with a high analyte number density na. As the absorption is
maximal in the center of the line, self-absorption always leads to flatter line pro-
files. Self-absorption increases with the analyte number densities in the source,
and with the number densities of emitting and absorbing analyte atoms the inten-
sity of a line tends to that given by Planck’s law for black-body radiation. When a
minimum occurs in the absorption profile, then the line undergoes so-called self-
reversal, and the absorption parameter is then >1. Self-reversal only occurs when
there is a strong temperature gradient in the radiation source and when the analyte
number densities both in the hot as well as in the cooler zones of the plasma are

high.
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Continuum radiation

Apart from the atom and ion lines of the species present in a plasma source, an
emission spectrum has a continuum on which the emission lines are superim-
posed. This extends over the whole spectrum. It is due to the interactions between
free electrons (“Bremsstrahlung”) and to the interaction of free and bound elec-
trons (“recombination continuum’). The former is particularly important in the
UV spectral region, whereas the latter is important at longer wavelengths. The
spectral intensity distribution for the continuum radiation is given by:

I(v) - dv = K X ne x 1, x r2/(To)"? x exp[(—hv)/(kTe)] x dv(free—free)
+ K X 1/(5%) x ne x nz x (24)/(T2/?)
x exp[—(Uj — hv)/kT](free-bound) (57)

Kand K’ are constants, n. is the electron number density, n, is the number density
of the ions with a charge of r times the elementary charge, T is the electron tem-
perature, and is a measure of the kinetic energy of the electrons in the plasma. v is
the frequency, h and k are the Planck and Boltzmann constants, respectively, Uj is
the ionization energy from the term with quantum number j, nz is the number
density of the atoms with atomic number Z.

The intensity per unit of wavelength (radiant density B;) is obtained by multiply-
ing with 47nc/2%. Accordingly, for a hydrogen plasma the intensity of the “Brems-
strahlung” is given by:

B, = (2.04 x 1073 x n2) /(2% x T}?) exp[—(1.44 x 10%)/(AT.)] (58)
At complete ionization of the hydrogen (e.g. when added to a plasma with another
gas as the main constituent) n. = p/(2 x k x T,) has a maximum at a wavelength
of 4= (7.2 x 107)/T, or at a fixed wavelength, the maximum intensity is found at
a temperature T, = (5.76 x 107)//. Thus, the electron temperature can be deter-
mined from the wavelength dependence of the continuum intensity. As T, is the
electron temperature, absolute measurements of the background continuum emis-
sion in a plasma, e.g. for the case of hydrogen, allow determination of the electron
temperature in a plasma, irrespective of whether it is in local thermal equilibrium
or not. Similar methods also make use of the recombination continuum and of the
ratio of the “Bremsstrahlung” and the recombination continuum.

14
lonization

Provided that sufficient energy is transferred to a plasma, atoms can also be ion-
ized. This depends on the temperature of the plasma and also on the ionization
energy of the elements. As these ions have discrete energy levels between which
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transitions are possible, just as atoms do, ionic spectra will also be important when
considering the emission of radiation by a plasma. The ionization of atoms (a) of
the element j into ions (i) is an equilibrium:

Naj == Ny + Ne (59)
and the equilibrium constant S,;(T), known as the Saha constant, is given by:

Sy(T) = (- ne) /g (60)
The degree of ionization «; for an element j is given by:

o = nij/n; = nij/(ng + nyj) (61)

ne and nj; are the concentrations of the atoms and the ions and can be expressed
as a function of the total number of atoms n; by:

naj = (1 - O(j) . nj and nij = ocj . nj (62)

Accordingly, using the notation given in Ref. [7], the intensity of an atom line can
be written as:

Igp=Ag-h-vg - gq/Zsj- (1 —0)  nj-exp(—E;/kT) (63)
and the intensity of an ion line is given by:

o at oot [T gt
I, =Ay h-vy, g/ /Zj- o nj exp(—E, /kT) (64)
These expressions for the intensities contain three factors that depend on the tem-
perature, namely the degree of ionization, the Boltzmann factors, and the partition
functions. In particular, o; can be written as a function of the electron number den-
sity and the Saha function as:

[o/(1 —o)] - ne = Sy(T) (65)

However, the latter is also given by the well-known Saha equation. With the aid of
wave mechanics and through differentiation of the Boltzmann equation, the Saha
function in terms of the partial pressures can also be expressed as:

Su(T) = (py - pe)/ (paj) = [(27m)*/% - (kT)*/7] /2
$22ij/ Zyj - [exp(—Ey/kT)] (66)
The factor of 2 is the statistical weight of the free electron (2 spin orientations),

k=1.38-10"1 erg/K, m=9.11x 1072 g, h=6.67 x 107¥ erg s and 1 eV =
1.6 x 107!2 erg. This leads to the expression:
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(P - pe)/paj = Spi(T) = 6.58 x 1077 x T*/2
X Zij/Zaj X [exp10(75040V,j/T)] (67)

or in the logarithmic form:
log Sy =5/2log T —5040/T - Vj; + log(Zy) /(Zsj) — 6.18 (68)

where Vj; is the ionization energy (in eV).

The Saha equation is only valid for a plasma which is in local thermal equilib-
rium, where the temperature in the equation is then the ionization temperature.
When this condition is not fulfilled, the equilibrium between the different states
of ionization is given by the so-called Corona equation [16].

Accordingly, the degree of ionization in a plasma can be determined from the
intensity relationship between an atom and an ion line of the same element as:

log[(ey)/(1 — ay)] = 108(%/1@) - log[(g; 'Aé; : V;p)/(gq Agp V)]

+ (5040/T)(V* = V,) + log(Z;j/ Zs) (69)
This method can again only be applied for a plasma in local thermal equilibrium,
the temperature of which is known. The partition functions Z, and Z; for the
atom and ion species, respectively, are again a function of the temperature and
the coefficients of these functions have been calculated for many elements [5]. Fur-
thermore, the accuracy of the gA values and of the temperatures is important for
the accuracy of the determination of the degree of ionization. One often uses the
line pairs Mg II 279.6 nm/Mg I 278.0 nm and Mg II 279.6 nm/Mg I 285.2 nm for

determinations of the degree of ionization of an element in a plasma.
Once ¢ is known, the electron pressure can also be determined. Indeed, from

log[ej/ (1 — o)) = 1og[S;(T)/ pe] (70)
one can calculate
log pe = —log[e;/(1 — o)] + log Sy(T) (71)
When taking into account Eqs. (68) and (69), this results in:
log pe = _log(qp)/(lqp) + 1Og(gq+ 'A;J; : ";;;)/(gq “Agp - Vep)
— (5040/T)(Vyj + V" — Vg) +5/2(log T) — 6.18 (72)

By differentiating Eq. (72) with respect to temperature it can be found that the
error in the determination of the electron pressure as a result of errors in the de-
termination of the temperature is given by:

d(log pe) = [(0.434 x 5/2) + (5040/T)(Vy + V" — V)] x (dT/T) (73)
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Eq. (72) also shows that the intensity ratio of the atom and ion lines of an element
will change considerably with the electron pressure in the plasma. Elements with a
low ionization energy such as Na will thus have a strong influence on the intensity
ratios of the atom and ion lines of other elements. This is analytically very impor-
tant as it is the cause of the so-called ionization interferences found in classical DC
arc emission spectrometry as well as in atomic absorption and plasma optical
emission and in mass spectrometry.

When the plasma is not in local thermal equilibrium (LTE), the electron number
densities cannot be determined on the basis of the Saha equation. Irrespective of
the plasma being in local thermal equilibrium or not, the electron number density
can be derived directly from the Stark broadening of the Hy line or of a suitable
argon line. This contribution to broadening is a result of the electrical field of the
quasi-static ions on one side and the mobile electrons on the other side. As de-
scribed in Ref. [17], it can be written as:

64 = 2[1 + 1.75a(1 — 0.75p)]w (74)

where p is the ratio of the distance between the ions (p,,) and the Debye path
length (pp),  is the broadening due to the interaction of the electrons (xn.) and

o is the contribution of the interaction with the quasi-static ions (~ ne/ .

P = (47 X ne/3)73 (75)
pp = [(k x T)/ (47 x & x ne)]"? (76)

04 can thus be calculated as a function of n.. Accordingly, from the widths of the
Ar 1 549.59 or the Ar I 565.07 nm lines, which are due mainly to Stark broadening,
n. can be determined directly and is independent of the existence of LTE. Thus, the
temperature can also be determined when combined with measurement of the in-
tensities of an atom line and an ion line of the same element. Indeed,

log n;/n, = —log ne +3/2log T — (5040/T) - Vy; + log(Z;j/ Zyj) + 15.684  (77)

which can be combined with Eq. (72).

Because with the “two-line method”, using lines of the same ionization level for
the determination of temperatures, it is difficult to fulfill all conditions necessary to
obtain highly accurate values [see Egs. (38) and (39)], a method was developed that
enables the plasma temperature to be determined from intensities of lines belong-
ing to different ionization levels. If [ is the intensity of an ion line and I is the in-
tensity of an atom line (in general both lines have to belong to two adjacent ioniza-
tion levels), one can write:

L/T = 2(Aigiki/Agl) x [(2zmkT)*? /(h*)] x (1/ne)
x (T??) x exp|—(E; — E + E; — AE;)/(kT)] (78)
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AE; is a correction for the ionization energy of the lowest level. The plasma temper-
atures can also be determined from measurements of absolute line intensities. A
survey of all methods used and discussed in the various chapters is given in Refs.
7,8, 12].

Norm temperatures

From Egs. (63) and (64), which give the intensity of a line, and from the Saha equa-
tion [Eq. (68)], it can be understood that for each spectral line emitted by a plasma
source there is a temperature at which its emission intensity is maximal. This is
the so-called norm temperature. In a first approximation [18], it can be written as:

T = (0.95Vj x 10%)/[1 — 0.33 - & + 0.37 - log(V;;/10) — 0.14 log P;] (79)

where Vj; is the ionization energy, « = V,/Vj; and V. is the excitation energy. P} is
the electron pressure (in atm; 1 atm ~ 101 kPa) and is a function of Tand ne:

P =1.263x10 2n. x T (80)

In cases where we have to consider the norm temperature for a line of an element
which is only present as an impurity in a plasma, e.g., one formed in a noble gas,
the dilution in the plasma (a) also has to be considered. For a system with more
components P} is given by:

P =[(2i+1)/(2i+3)] - (gi/gi1) - [4a/(1+ )] - P (81)

gi and gi;1 are the statistical weights of the ions with charge i and i+ 1, respec-
tively. Accordingly, as a result of the dilution, the change in the norm temperature
(Ty) at a dilution of a will be given by:

AT, /T, = 0.14 log[4a/(1 + a)?] < 1 (82)

At a dilution of 0.1 the change in norm temperature will thus be —7.2%. In
a source such as the inductively coupled plasma the analyte dilution can be very
high [of the order of 108 (1 mIL/min of a 1-10 pg/mL solution for an element
with a mass of 40, which is nebulized with an efficiency of 1% into an argon flow
of 10 L/min). In an ICP the norm temperatures for lanthanum atom lines such as
La1418.7 nm (V;; =5.61 eV and V, = 2.96 eV) will thus change from ca. 5000 K
for a pure lanthanum plasma to 2830 K as a result of the large dilution. For atom
lines of elements with relatively low ionization energies, the change in the norm
temperatures as a result of the analyte dilution is high, but it is much less for ion
lines. For the La IT 412.3 nm line (second ionization energy: 11.43 eV and V,: 3.82
eV) T, is 9040 K.

From what is known about the norm temperatures, it becomes clear which types
of lines will be optimally excited in a plasma of a given temperature, electron pres-
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sure, and gas composition, and the norm temperatures thus give important indica-
tions for line selection in a source of a given temperature. Atom lines often have
their norm temperatures below 4000 K, especially when the analyte dilution in
the plasma is high, whereas those of ion lines often reach 10000 K. The two types
of lines are often denoted as “soft” and “hard” lines, respectively.

1.5
Dissociation

The dissociation of molecular plasma gases or analyte molecules which are
brought into the radiation source is an equilibrium reaction. Accordingly, ther-
mally stable radicals in particular or molecules are always present in a radiation
source. They emit molecular bands which occur along with the atomic and ionic
line spectra in the emission spectrum. Radicals and molecules may also give rise
to the formation of cluster ions, the signals of which will be present in the mass
spectra. The main species stemming from the plasma gases are: CN, NH, NO,
OH, and N, (or NJ). From the analytes, predominantly thermally stable oxides re-
main (e.g., AlOT, TiOT, YO, etc.). A thorough treatment of molecular spectra is
available in many classical textbooks (see, e.g., Refs. [19, 20]).

Molecules or radicals have different electronic energy levels (1Z,2%,211,...),
which have a vibrational fine structure (v =0,1,2,3,...) and the latter again have
a rotational hyperfine structure (J =0,1,2,3,...). The total energy of a state is
then given by:

Ei - Eel + Evibr + Erot (83)

E, is of the order of 1-10 eV, the energy difference between two vibrational levels
of the same electronic state is of the order of 0.25 eV, and for the case of two rota-
tional levels of a vibrational band the energy difference is of the order of only 0.005
eV. Through a transition between two rotational levels a rotational line is emitted.
When the rotational levels considered belong to the same electronic level, the wave-
length of the radiation emitted will be in the infrared region. When they belong to
different electronic levels, the wavelength will be in the UV or in the visible region.
Transitions are characterized by the three quantum numbers of the states involved,
namely: n', v/, j' and n”, v", j”. All lines which originate from transitions between
rotational levels belonging to different vibrational levels of two electronic states
form the band: n',v' — n”,v". For these band spectra the selection rule is Aj =
j' — j” = +1,0. Transitions for which j” = j' + 1 then give rise to the P-branch,
j" = j" — 1 to the R-branch, and j’ = j” to the Q-branch of the band. The line cor-
responding with j' = j” = 0 is the zero line of the band. When v/ =1" =0, it is
also the zero line of the system. The difference between the wavenumber of a rota-
tion line (in cm™!) and the wavenumber of the zero line in the case of the P- and
R-branches is a function of the rotational quantum number j and the rotational
constant B, for which:
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Ey/(he) = B, j(j + 1) (84)

The functional relationship is quadratic and is known as the Fortrat parabola.

For the CN radical and the N; molecular ion, the transitions giving rise to band
emission between 370 and 400 nm, together with the rotational line pattern, are
represented in Fig. 3 [21]. For the violet system of the CN band, there is no Q-
branch and the lowest j in the R-branch is j = 1.

Molecular and radical band spectra thus consist of electronic series, which in
turn consist of various vibrational bands, which again consist of rotational lines,
many of which are often only partially resolved. As in the case of atomic spectral
lines, the intensity of a rotational line can be written as:
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Inm = Ny - Apm - b vam - 1/27 (85)

where Ny, is the population of the excited level and vy, is the frequency of the
emitted radiation. The transition probability for dipole radiation is:

A = (64 7% - v5,,)/3k % 1/ (g) X | Ry | (86)

i and k are degenerate levels of the upper (m) and the lower state (n). Ry, is a ma-
trix element of the electrical dipole moment and g, is the statistical weight of the
upper state. Ny, is given by the Boltzmann equation:

Ny = N - (gn)/Z(T) - exp(—E;/kT) (87)

where E, is the rotational energy of the excited electronic and vibrational level and
is given by:

Ec=h-c-By-J-(J +1) (88)

B, is the rotational constant and J’ is the rotational quantum number of the upper
state (m). For a 25,—?%, transition, the term ¥|R,,|* = J' + J” + 1, where ]’ and
J" are the rotational quantum numbers of the upper and the lower states, respec-
tively. Accordingly:

Lim = (16 - 7% - c- N-v! )/32(T) - (J' +]" +1)
~exp(—=h-c- By -J'(J' +1)/kT) (89)

or

Il /(J' +]" + D] =16 -2 - ¢+ N - v3,1/BZ(T)]
—[h-c- By J'(J + D)I/KT (90)

By plotting In[I,,/(J' + J” + 1)] versus J'(J' + 1) for a series of rotational lines, a
so-called rotational temperature can be determined. It characterizes the kinetic en-
ergy of the molecules and radicals responsible for emission of the band spectra. It
is also a good approximation of the temperature, reflecting the kinetic energy of
the neutrals and ions in a plasma. For the case of a hollow cathode discharge, the
Boltzmann plot and the temperatures as measured from CN and N band hyper-
fine structures are given in Fig. 3.

Spectral lines of molecular bands emitted by molecules and radicals present
in a plasma often interfere with the atomic spectral lines in atomic emission spec-
trometry. However, in atomic absorption spectrometry the absorption by molecular
bands stemming from undissociated molecules in the atom reservoir also leads
to systematic errors and requires correction. Furthermore, in mass spectrometry
molecular fragments give rise to signals, which can also interfere with the signals
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from the ionized analyte atom. Therefore, it is important to study the dissocia-
tion of molecular species in the high-temperature sources used as radiation
sources, atom reservoirs or ion sources. In different plasma sources a series of
band-emitting species stem from the working gas. In this respect, for instance,
N,, NI, CN, OH, and NH band emission has to be mentioned. However, undisso-
ciated sample and analyte species are also present in the plasma. In particular,
thermally stable molecules such as AlO, LaO, BaO, AlF, CaF,, and MgO may be
present in atomic spectrometric sources. It is important to understand their disso-
ciation as a function of the plasma temperature and the plasma composition. This
dependence can be described by a dissociation equation, which is similar to the
Saha equation:

Ky = [(2n/h?) - (Mx - My/Mxy) - (kT)]** - (Zx - Zy/Zxx) - [exp(~Ea/kT)] ~ (91)
where:
Kn = (VLX . ny)/VLXY (92)

Z represents the partition functions for the different atomic and molecular species,
Mx, My, and Mxy are the respective masses, and Ej is the dissociation energy.
This can be rewritten as:

log K, = 20.432 + 3/2 log(Myx - My/Mxy) + log(Zx - Zy/Zxy)
—log g +1/2log T + log B + log(1 — 107%62/T)
— (5040/T) x V4 03)

For most diatomic molecules B and o (in cm™!) have been listed in tables (see,
e.g., Ref. [19]). V4 is then given in eV and for a diatomic molecule:

Z=1[kT/(h-c-B)] x [g x exp(—Eq/kT)]/[1 —exp(h-c-w/kT)] (94)

with g =1 ('2),2 (2%, 'n, 2ny 0, 27352, . .), 3 (P2, 0).

Thus, for a metal oxide (XY), from nxy/nx = Ny/K, the ratio of the number
densities for the metal oxide and the metal atoms (nx) as well as the degree of dis-
sociation can be calculated when the plasma temperature, the partial pressure of
oxygen in the plasma (py), and the dissociation constant are known. For refractory
oxides of relevance in DC arc analysis, these data are listed, for example, in Ref. [7].

1.6
Sources for atomic spectrometry

In atomic spectrometry the sample material is brought into a high-temperature
source (plasma, flame, etc.) with the aid of a sampling device. The sample, which
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may be a liquid, a gas mixture or a solid, must be transformed into a vapor or an
aerosol. This involves sample nebulization or various volatilization processes (e.g.,
by thermal evaporation or sputtering). It is advantageous to supply as much energy
as possible for this process. The volatilization processes, the principle of which is
to lead to a physical or chemical equilibrium, will possibly result in complete atom-
ization, irrespective of the state of aggregation, of the eventual solid-state structure
or of the chemical composition of the sample. This is very important both for ob-
taining the highest sensitivity as well as for keeping the matrix interferences in-
volved in the analyses at the lowest possible level. The effectiveness of the volatil-
ization processes involved, the plasma temperatures describing the kinetic energy
distributions of the various plasma components as well as their number densities
will all influence the atomization of the sample in the source.

The rotational temperatures are relevant to all processes in which molecules,
radicals, and their dissociation products are involved. They can be obtained from
the intensity distribution for the rotational lines in the rotation—vibration spectra,
as described by Egs. (83-90). The molecular fragments OH, CN, etc. have often
been used to measure temperature (see, e.g., Refs. [21-23]).

The gas temperature is determined by the kinetic energy of the neutral atoms
and the ions. It can be determined from the Doppler broadening of the spectral
lines, as described by Eq. (49). However, to achieve this contributions of Doppler
broadening and temperature broadening have to be separated, which involves the
use of complicated deconvolution procedures as, e.g., shown for the case of glow
discharges in Ref. [24].

Whereas the rotational temperature and the gas temperature are particularly rel-
evant to the evaporation processes in the plasma, the electron temperature, being a
measure of the kinetic energy of the electrons, is relevant to the study of excitation
and ionization by collisions with electrons. This is an important process for the
generation of the analyte signal both in optical atomic emission and in mass spec-
trometry. The electron temperature can be determined from the intensity of the re-
combination continuum or of the “Bremsstrahlung”, as described by Eq. (57).

The excitation temperature describes the population of the excited levels of
atoms and ions. Therefore, it is important in studies on the dependence of analyte
line intensities on various plasma conditions in analytical emission spectrometry.
It can be determined from the intensity ratio of two atomic emission lines of the
same element and ionization state [see Eq. (40)] or from plots of the appropriate
function for various atomic emission lines versus their excitation energies.

The ionization temperature is relevant for all phenomena involving equilibria
between analyte atoms, ions, and free electrons in plasmas. In the case of thermal
equilibrium, it occurs in the Saha equation [Egs. (66, 68)] and can be determined
from the intensity ratio of an ion line and an atom line of the same element. In all
other cases, ionization temperatures can be determined from the n. value obtained
from Stark broadening [see Egs. (74, 77)].

The different temperatures for the most important sources in atomic spectrome-
try are listed in Table 1.

In a plasma, which is at least in local thermal equilibrium, all the temperatures
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Tab. 1. Temperatures (K) of sources used in atomic spectrometry.

Source Trotational ~ Texcitation  Telectron T ionization

Arc discharges 5000 5000 5500 5000 LTE

Spark - 20000 20000 20000 LTE (transient)
Inductively coupled plasma 4800 5000 6000 6000 ~ITE

Microwave plasmas 2000 4000 6000 6000 departures from LTE
Glow discharges 600 20000 30000 30000 non-LTE

discussed are equal. In addition, this implies that the velocity distribution of all
types of particles in the plasma (molecules, atoms, ions, and electrons) at any en-
ergy level can be described by the Maxwell equation [Eq. (17)]. For all species, the
population of the different levels is then given by the Boltzmann equation [Eq.
(19)]. Furthermore, the ionization of atoms, molecules, and radicals can be de-
scribed by the Saha equation [Egs. (66, 68)] and the related equations for the chem-
ical equilibrium. Finally, the radiation density in the source conforms to Planck’s
law and the exchange of kinetic energy between the particles as well as the electro-
magnetic radiation exchange are in equilibrium with each other. The real plasma
sources used in atomic spectrometry are at best in so-called local thermal equilib-
rium. However, contrary to the case of thermal equilibrium, all processes between
the particles do not involve emission or absorption of electromagnetic radiation as
the plasma cannot be considered as a completely closed system. Moreover, real
plasma sources are extremely inhomogeneous with respect to temperature and
species number density distributions. Accordingly, the above mentioned equilibria
only occur within small volume elements of the sources, where gradients can be
neglected.

Many plasmas, however, have a cylindrical symmetry and can be observed later-
ally. The observer then integrates the information provided for many volume ele-
ments along the observation direction and:

oo]

I(%) = 2 JO I(x,y) - dy (95)

where x and y are the coordinates of the volume element and integration of an in-
tensity I is performed along the x-axis. When considering I(r), with r the radial dis-
tance away from the plasma center (Fig. 4), this becomes:

0

I(x) = ZJ I(r) - r-dr/[\/(r* — x2)] (96)

x

From these integral values, the values at a well-defined radial distance away from
the plasma center can be calculated. This necessitates side-on observation along
several parallel axes, which are equidistant with respect to each other, and an Abel
inversion. Indeed, if I'(x) is the first derivative of the function I(x), describing the
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Fig. 4. Abel inversion procedure used for the
determination of radial distributions in plasma
sources. x: lateral position, y: direction of
observation, r: radial distance.
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variation of a measured value as a function of the lateral position (x) during side-
on observation (Fig. 4), the radial values at a distance r are given by:

10) = ~(1/m) [ 11817 (97

r

This integral can only be solved numerically. One has to write each laterally mea-
sured intensity as a sum of the different volume elements with a given coefficient
denoting their contribution. For certain numbers of lateral observation positions
(3,10,...) these Abel coefficients are listed in the literature [25]. By inversion of
the corresponding matrix the radial values are then obtained. This allows determi-
nation of the radial distributions of emissivities, absorbances, temperatures or spe-
cies number densities in plasmas. By repeating this procedure at different heights
in a plasma one can perform plasma tomography. Similar results, which do not re-
quire the assumption of cylindrical symmetry in the source, can now be obtained
by imaging spectrometry using two-dimensional detectors (for a discussion, see,
e.g., Ref. [26]).

In real plasmas, departures from thermal equilibrium often occur. For the ex-
treme case, as encountered in plasmas under reduced pressure, the emission or
the absorption of radiation becomes so important that there is no longer a clear re-
lationship between the mean kinetic energies of the species and the excitation tem-
peratures. The latter then lose the physical meaning of a temperature. The absence
of local thermal equilibrium in these so-called non-LTE plasmas relates to the exis-
tence of high field gradients or AC fields, by which only the light electrons and not
the heavy atoms and ions can follow the field changes and take up the dissipated
energies fully. Accordingly, the mean kinetic energy of the electrons and thus also
the electron temperature will be much higher than the gas kinetic temperature.
For a plasma that is not in local thermal equilibrium, the equilibrium between
species at different ionization levels at different temperatures will be given by the
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@ @ Fig. 5. Sources for atomic

spectrometry (Reprinted with
- - permission from Ref. [28].)
~ (A): arc; (B): spark; (C): flame;

+ (D): plasma sources; (E): low-
pressure discharges; (F):
furnace; (G): laser.
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so-called Corona equation, as is, for example, derived for the sun by astrophysicists
[27].

Sources for atomic spectrometry include flames, arcs, sparks, low-pressure
discharges, and lasers, as well as DC, high-frequency, and microwave plasma dis-
charges at reduced and atmospheric pressures (Fig. 5) [28]. They can be character-
ized as listed in Table 2. Flames are in thermal equilibrium. Their temperatures,
however, are at the highest only 2800 K. As this is far below the norm temperature
of most elemental lines, flames are only of limited importance for atomic emission
spectrometry, but they are excellent atom reservoirs for atomic absorption and
atomic fluorescence spectrometry as well as for laser-enhanced ionization work.
Arcs and sparks are well known as sources for atomic emission spectrometry. In
view of the high temperatures obtained in spark sources, it can be anticipated that
ion lines in particular will be excited, the norm temperatures of which are often
beyond 10000 K, whereas in arc sources atom lines will be predominant. In
plasma sources under reduced pressure the gas kinetic temperatures are low. Ac-
cordingly, their atomization capacity will be limited. When these sources are used
as both atomic emission sources and as primary sources in atomic absorption the
line widths will be very narrow. Moreover, particularly when gases with high ion-
ization energies such as helium are used, lines with high excitation energies,
such as those of the halogens, can also be excited. Discharges under reduced pres-
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Tab. 2. Use of sources in analytical atomic spectrometry.

Source Optical spectrometry Mass spectrometry
emission absorption  fluorescence
Chemical flame + + +
Arc + +
Spark + +
Electrically-heated furnace + + + +
Arc jet plasma +
Inductively coupled plasma + + +
Microwave plasma + + +
Glow discharge + + + +
Laser plasma + + + +
Exploding wire/foil +

sure are valuable ion sources for mass spectrometry as analyte ionization takes
place, and because of the low pressure the coupling with a mass spectrometer op-
erated at 107> mbar becomes easier. So-called plasma jet and plasma sources at at-
mospheric pressure are of particular use for the emission spectrometric analysis of
solutions. Their gas kinetic temperatures are high enough so as to achieve a com-
plete dissociation of thermally stable oxides and both atom lines as well as ion lines
occur in the spectra. As reflected by the fairly high ionization temperatures, they
are powerful ion sources for mass spectrometry, and plasma mass spectrometry is
now one of the most sensitive methods of atomic spectrometry. Lasers are very
suitable devices for material ablation in the case of solids. Owing to their high an-
alyte number densities, plasmas are subject to high self-absorption and thus it is
more appropriate to use them only as sources for material volatilization and to
lead the ablated material into a second source.

1.7
Analytical atomic spectrometry

Analytical atomic spectrometry nowadays includes the use of flames and plasma
discharges for optical and mass spectrometry. The sources are used directly as
emission sources or atom reservoirs for atomic absorption or atomic fluorescence
or they are used for ion production. In optical atomic spectrometry, atomic emis-
sion, absorption, and fluorescence all have their specific possibilities and analytical
features. The type of information obtained is clear from the transitions involved
(Fig. 6).

In atomic emission, thermal or electrical energy is used to bring the analyte
species to an excited state, from which they return to their ground state through
emission of radiation characteristic of all the species present that were sufficiently
excited. Thus, from the principle of atomic emission spectrometry it is clearly a
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(a) (b) (c) Fig. 6. Term schemes for (a):
@) atomic emission, (b): absorp-
tion, and (c): fluorescence
H' hy hy ) hy’ spzctrometry (resor;'a/nt: hv
- AN AL v and non-resonant: hv').

multielement method. The number of elements that can be determined simultane-
ously is only limited by the availability of sufficiently sensitive interference-free
spectral lines. In the case of atomic emission spectrometry, the selectivity is
achieved by the isolation of the spectral lines with the aid of the exit slit of the spec-
trometer. This puts high demands on the optical quality of the spectral apparatus
used and certainly requires a spectrometer with high spectral resolution. Moreover,
the lines are superimposed on a spectral background, which is partly structured as
the result of the presence of radicals and molecular ions emitting band spectra.
Broad wings arising from neighboring spectral lines, e.g. of matrix constituents,
may also occur and finally there will be a continuum resulting from the interaction
of free and bound electrons (see Section 1.3, continuum radiation). The intensity
of the spectral background on which the line to be measured is superimposed,
may thus differ considerably from one sample to another. It must be subtracted
from the total line intensities, as only the radiation emitted by the analyte atoms
is relevant for the calibration. This can be done by estimating the spectral back-
ground intensity ‘“under” the analytical line for the background intensities at the
wavelength of the analytical line using a blank sample. It is often safer to estimate
it from the spectral background intensities close to the analytical line (e.g. on each
side) in the spectrum of the sample itself. The latter is certainly the case when the
line is positioned on a wing of a band or a broad matrix spectral line, providing
different spectral background intensities on either side of the analytical line. The
means to correct for the spectral background must be available in every atomic
emission spectrometer used for trace analysis.

In atomic absorption spectrometry we need a primary source delivering mono-
chromatic radiation of which the wavelength matches that of a resonance line of
the element to be determined. The spectral width must be narrow with respect to
the absorption profile of the analyte line. From this point of view, atomic absorp-
tion is a single-elemental method, of which the dynamic range is usually much
lower than in atomic emission spectrometry. It is, to a first approximation, a zero-
background method, when neglecting absorption due to radiation scattering and
molecular absorption. As the final spectral selectivity is realized by the primary
source, the spectral apparatus only has to enable line isolation in a spectrum of
the element to be determined, where the spectral lines are very narrow. Accord-
ingly, the demands on the spectral resolving power of the spectrometer are much
lower than in atomic emission spectrometry.
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In atomic fluorescence, the excitation can be performed both with white as well
as with monochromatic sources, which consequently affects the fluorescence in-
tensities obtainable and the freedom from stray radiation limitations. The latter
are particularly low with monochromatic primary sources and when using fluores-
cence lines with wavelengths differing from that of the exciting radiation. Gener-
ally, in atomic fluorescence the linear dynamic range is higher than in atomic ab-
sorption and spectral interference as well as background interferences are just as
low.

In the case of atomic absorption and atomic fluorescence the selectivity is thus
already partly realized by the radiation source delivering the primary radiation,
which in most cases is a line source (hollow cathode lamp, laser, etc.). Therefore,
the spectral bandpass of the monochromator is not as critical as it is in atomic
emission work. This is especially true for laser-based methods, where in some
cases of atomic fluorescence a filter is sufficient, or for laser-induced ionization
spectrometry where no spectral isolation is required at all.

For glow discharges and inductively coupled high-frequency plasmas, ion gener-
ation takes place in the plasmas. In the first case, mass spectrometry can be per-
formed directly on solids and in the second case on liquids or solids after sample
dissolution. In the various atomic spectrometric methods, real samples have to be
delivered in the appropriate form to the plasma source. Therefore, in the treatment
of the respective methods extensive attention will be given to the techniques for
sample introduction.

In an atomic spectrometric source, both the atomic vapor production as well as
signal generation processes take place. The first processes require high energy so
as to achieve complete atomization as already discussed, whereas the signal gener-
ation processes in many cases would profit from a discrete excitation which makes
use, for example, of the selective excitation of the terms involved. Therefore, in a
number of cases, the use of so-called tandem sources, where the analyte vapor gen-
eration and the signal generation take place in a different source (for a discussion,
see Ref. [29]), may offer advantages with respect to the power of detection as well
as freedom from interferences.
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